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The alternative splicing of neurexins (NRXs) and neuroligins (NLs) has been implicated in specifying synaptic
connections. In this issue ofNeuron, Koehnke et al. took a structural approach for assessing the contribution
of alternative splice isoforms for b-NRX/NL-mediated synaptic recognition.Neurexins (NRXs) and neuroligins (NLs)
are probably the best-known trans-syn-
aptic adhesion molecules in neurons
(Craig and Kang, 2007; Su¨dhof, 2008).
Postsynaptic NLs function as ligands for
presynaptically localized NRXs via inter-
actions between their respective ectodo-
mains (Figure 1A). Such trans-synaptic
NRX/NL interactions have been shown
to play critical roles in synaptic function,
and mutations of the genes encoding
NRXs and NLs have been linked to a
variety of cognitive disorders, including
autism, schizophrenia, and mental retar-
dation in humans (Su¨dhof, 2008). The
mammalian genome contains three NRX
genes (NRX1-3), each of which encodes
a long a-NRX and a shorter b-NRX (Su¨d-
hof, 2008). Extensive alternative splicing
of the ectodomains of NRXs (a-NRX in
particular) further diversifies NRX proteins
(Su¨dhof, 2008). Similarly, human NL exists
in various alternative spliced isoforms
derived from five genes and two spliced
sites (Craig and Kang, 2007). Given the
requirement of a huge number of specific
synaptic connections in the brain, the
diversity of the NRX and NL isoforms pro-
vides a tempting model for synaptic
recognition where synaptic recognition is
mediated in a lock and key fashion by
differential pair-wise binding interactions
between different splice isoforms of NRX
and NL (e.g., NL-1 containing the splice
insert B can only interact with b-NRX1,
whereas NL-1 lacking the splice insert B
binds to both b-NRX1 and a-NRX;
Boucard et al., 2005) (Figure 1A). This
splice-isoform-based model for NRX/NL
interactions has received some experi-
mental support (Boucard et al., 2005;
Chih et al., 2006), although contradictingresults are also present in the literature
(see Reissner et al. [2008] for an example).
As a step toward further understanding
the NRX/ML interactions, Koehnke et al.
(Koehnke et al., 2010) took the heroic
approach of using surface plasmon reso-
nance (SPR), systematically measuring
the quantitative binding affinities of all
possible pair-wise combinations of alter-
natively spliced b-NRX1-3 and NL1-3
using purified recombinant protein
produced in mammalian cells (i.e., with
proper glycosylations). The most sur-
prising finding of this systematic study is
that alternative splicing has a very limited
effect on the b-NRX/NL interactions, as
the authors found that all NL family mem-
bers with and without insert A or B can
bind to all b-NRX isoforms regardless of
whether they contain the splice insertion
4 (called ‘‘SS4’’). Therefore, the study by
Koehnke et al. challenges the splicing-
specific trans-synaptic NRX/NL interac-
tion code (Figure 1A), at least in the con-
text of the interaction between NL1-3
and b-NRX1-3.
In parallel to these assessments of
binding interactions, Koehnke et al. also
determined the crystal structures of
b-NRX1 and 2 containing the SS4 inser-
tion (b-NRX+4). Although several crystal
structures for b-NRX/NL complexes are
available, Koehnke’s approach was
based on glycosylated proteins, and
these new crystal structures of both the
b-NRX1+4 and b-NRX2+4 ectodomains
(referred to as b-NRX+4, as the two struc-
tures are essentially the same) reveal
another unanticipated finding. As it turns
out, the structure of b-NRX+4 and the pre-
viously determined structure of b-NRXD4
(Arac et al., 2007; Chen et al., 2008;NeuFabrichny et al., 2007) are very similar,
which is surprising given the importance
that has been ascribed to the SS4 inser-
tion sequence. Based on their structural
data, the authors propose that the high
structural similarity between SS4-con-
taining and SS4-lacking b-NRXs comes
about due to a previously unknown, SS4-
mediated structural rearrangement. In
b-NRX+4, the C-terminal half of the 30
residue SS4 adopts a b strand structure
and occupies the same position as the
b10 in b-NRXD4. The displaced residues
corresponding to the ‘‘old’’ b10 becomes
a part of the elongated b9/b10 loop in the
structure of b-NRX+4 (Figure 1A). Impor-
tantly, the residues corresponding to the
b10 strand in b-NRX+4 and b-NRXD4
are highly homologous (i.e., the interfaces
between b-NRX/NL complexes do not
vary much between NRX containing and
lacking SS4), and the elongated b9/b10
loop is located at the opposite face of
the NRX/NL complex interface (i.e., the
protrusion formed due to the b10 dis-
placement does not interfere NRX’s
binding to NL) (Koehnke et al., 2010;
Figure 1A).
Koehnke et al. also suggest that the
conformational differences of SS4 bet-
ween the previous bacterial expressed
b-NRX+4 structure (Shen et al., 2008)
and the structure determined by them is
likely due to the effects of posttransla-
tional glycosylation. In the glycosylated
version of b-NRX+4, the carbohydrate
moiety packs with a bulky Trp in SS4 to
stabilize the b10 strand formed by the
insertion sequence. Without this carbohy-
drate/Trp interaction (i.e., in the nonglyco-
sylated b-NRX+4), a part of SS4 forms an
a helix protruding from the surface of theron 67, July 15, 2010 ª2010 Elsevier Inc. 1
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Figure 1. The NRX/NL-Mediated Synaptic Connections
(A) The binary NRX/NL interaction model hypothesized to mediate specific synapse connections.
(B) Some of the newly discovered trans-synaptic connections involving NRXs with LRRTMs or
Cbln1/GluRd2. The b10 strand in b-NRXD4 and the new b10 formed by the SS4 insertion in b-NRX+4
are indicated by greenish yellow and red arrows, respectively.
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(Shen et al., 2008). Therefore, the dimin-
ished interaction observed between
nonglycosylated b-NRX+4 and NL could
be an experimental artifact. That being
said, it should be pointed out that the
b9/b10 region of b-NRXs is structurally
dynamic and the SS4 sequence further
modifies the dynamic properties of
b-NRXs (Koehnke et al., 2008). Therefore,
the crystal structures of b-NRXs deter-
mined by Koehnke et al. (2010) and by
others earlier may represent only a few
snapshots among many possible confor-
mational states of the proteins, and it is
possible that the conformational dy-
namics of b-NRXs may play a critical
role in how b-NRXs decode signals pre-
sented by various postsynaptic ligands.
Although biochemical and structural
studies like the one presented by Koehnke
et al. (2010) often reduce a highly com-
plicated in vivo biological question to
a much simpler, in vitro amenable system,
their systematic binding study under-
scores an important message: trans-syn-
aptic protein-protein interaction ‘‘codes’’
are much more complicated than the
simple, binary NRX/NL complexes antici-
pated in the past. In line with this idea,
more recently other synaptic proteins
have been shown to interact with NRXs,
in a manner that is splice form specific.
leucine-rich repeat transmembrane neu-
ronal proteins (LRRTMs) are recently iden-
tified NRX ligands that regulate synapse
formation (de Wit et al., 2009; Ko et al.,
2009; Siddiqui et al., 2010). Interestingly,
LRRTM1 and -2 specifically bind to2 Neuron 67, July 15, 2010 ª2010 Elsevier Inb-NRXD4 but not b-NRX+4, and the
binding of LRRTMs and NLs to b-NRXD4
are mutually exclusive (Ko et al., 2009;
Siddiqui et al., 2010). Although the
displacement of b10 in b-NRX by the
SS4 insertion keeps the b-NRX/NL inter-
face essentially unchanged, it is possible
that the new protrusion formed by the dis-
placed ‘‘old’’ b10 could block LRRTMs
from accessing b-NRX+4 (Figure 1B).
The exact molecular basis governing the
LRRTMs/NRX interactions await future
structural studies. In addition to trans-
synaptic cell adhesion molecules, diffus-
ible factors secreted by neurons or glia
and even ion channels can also interact
with NRXs or NLs in regulating synaptic
formation and functions. For example,
Zhang et al. have shown that presynap-
tic neurexins interact with postsynaptic
GABA(A) receptors (Zhang et al., 2010).
Another example of this is the recent
finding that the secreted glycoprotein cer-
ebellin 1 precursor protein (Cbln1), which
is important for synaptic development
in the cerebellum, functions as an obliga-
tory factor in bridging the extracellular
N-terminal domain of GluRd2 with b-NRXs
(Uemura et al., 2010). Cbln1 interacts
directly with both GluRd2 NTD and
b-NRXs, although it is not known whether
GluRd2 NTD and b-NRXs physically con-
tact with each other in the GluRd2/Cbln1/
b-NRXs tripartite complex. Remarkably,
onlyb-NRXs with SS4 are capable of form-
ing GluRd2/Cbln1/b-NRXs (Figure 1B).
These studies of the interactions between
NRXs and LRRTMs and between NRXs
and Cbln1 further highlight the importancec.of alternative splicing of NRXs and NLs,
and the work here by Koehnke et al.
(2010) suggest the possibility that the
main function of this alternative splicing
may not be to regulate interaction
between NRXs and NLs but rather to
modulate interactions with other binding
partners. Future biochemical and func-
tional studies will be critical for testing
this possibility.REFERENCES
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